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' I. INTRODUCTION 
Magnetic films with, their attractive magnetic properties and their 
physical construction flexibility have been used successfully in computer 
memories, computer logic ci .-cuits, parametric devices and many other ap­
plications. The purpose of this investigation was to study in both ana­
lytical and experimental detail the behavior of ferromagnetic films one 
step further on the frequency scale, that is, at microwave frequencies, 
and to suggest the possibility of device applications at microwave fre­
quencies. 
Thin magnetic films can be vacuum deposited on glass substrate in 
smai l circles or strips with diameters or widths as small as a fraction 
of a millimeter and still exhibit to the full extent their magnetic pro­
perties. Recently the electroplating technique (l, 2) has almost reached 
a '^perfection" state. This. technique allows the control of film thick­
ness, of film composition and hence film coercive and film anisotropy 
fields. In other words, film properties can be easily controlled by this 
technique. 
The magnetic films available for this investigation were made of 
nickel-iron alloy of approximately 80 percent nickel and 20 percent iron, 
commonly referred to as 80-20 permalloy. .This type of film has low ani­
sotropy and low magnetostriction coefficients. The above alloy was vac­
uum deposited on glass substrate of 6 mil thickness in the presence of 
an external magnetic deposition field of a few hundreds of ampere turns 
per meter parallel to the plane of the film. With this deposition pro­
cedure the atomic structure of the film is ordered in such a manner that 
2 
it possesses an uniaxial anisotropy along an axis parallel to the origi­
nal direction -of the deposition field. This direction is frequently re­
ferred to as "easy" or "rest" direction of magnetization. Perpendicular 
to that is the "hard" or "transverse" direction 'which is also in the plane 
of the film. When the thickness of the film is less than the dimensions 
of a normal domain (3-6), there will be very slight possibility to find 
a domain vail (l-4) existing through such thickness of the film. If a 
film possessed uniaxial anisotropy, the application of a small magnetic 
field along the easy direction will bring the film to a single domain. 
As mentioned above, the film thickness can be controlled and varied 
over a wide range. The practical thickness varies from a few hundred 
angstroms to tens of thousands of angstroms depending upon the applica­
tion. Since the film plated conductor in the strip line can be made as 
gmfli l as one pleases without altering the magnetic properties, it is ad­
vantageous to make use of this construction, for the smaller the con­
ductor, the better the results will be as is pointed out later. Depend­
ing upon the characteristic impedance desired, the spacing between the 
conductors can be varied; here again there will be an optimum condition 
depending upon the particular device as illustrated in Section III, B. 
For the moment, it will be assumed that the spacing can be as small as a 
film thickness or as large as several hundred times the thickness of a 
practical thick film. Such a strip line can support the TEM wave up to 
106 megacycles before higher order modes can occur. Before such a fre­
quency can be reached, the skin depth problem will be the limiting factor. 
Based on the above reasoning, the wave propagated in the strip line 
3 
will be of the principle mode. The transmission line approach can be ap­
plied here. The propagation constant of the transmission line will depend 
on the value of capacitance and inductance per unit length, of the strip 
line. The capacitance of the strip line can be assumed constant. The 
inductance of the strip line will be made up by the external inductance 
and the internal inductance which mainly comes from the magnetic films. 
A control of magnetic film permeability implies a control of internal in­
ductance. The effect of the inductance change of the ferromagnetic film 
on the propagated wave in the strip line can be regulated and as a con­
sequence, it will be possible to make new microwave frequency devices and 
to have new techniques to solve old problems such as the anisotropy field 
of the film, the determination of the Lande splitting factor, and the 
phenomenological damping constant. 
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II. INVESTIGATION 
A. Analytical Study of the Variable Magnetic Film 
Discontinuity in the Strip Line 
The intrinsic impedance of the strip line as well as the propagation 
constant are functions of the line capacitance and the line inductance. 
Since the inductance is directly related to the permeability, the mag­
netic film susceptibility and permeability will be studied in detail. In 
evaluating the propagation constant, the problem is attacked by treating 
the strip line as made up by various media such as brass, air and mag­
netic films, each with its own dielectric constant and its own permeabil­
ity. The propagation constant of the principle wave was obtained by 
solving the boundary problem. Since the permeability of brass is very 
close to that of air and remains constant with respect to the bias field, 
the only permeability which will change as function of bias field is that 
of the magnetic film. 
1. Susceptibility of the magnetic thin film as a function of bias field 
a. Derivation of film susceptibility The torque T acting on a 
unit volume is related to the angular momentum density L by 
1 
The magnetization M can be written as a function of the angular momentum 
density as: 
M = yL 2 
5 
where y is the gyromagnetic (or magneto-mechanical) ratio and is equal 
to -prc for MKS system of units. In this expression g is the Lande 
splitting factor, e is the electron charge in coulombs, p. equals 4it x 
10 henry per meter and m is mass of the electron in kg. Numerically 
f = 2.21 x 10° cycles per second per ampere-turn per meter for electron 
spins. The equation of motion can then be -written: 
||= M x H 3 
at 
It is important to note that H must contain all of the effective fields 
(forces) which produce torque on the magnetization per unit volume. 
Up to this point, it is worthwhile to mention briefly all of the 
types of fields or the types of energies which are of practical concern. 
Kittel and others (3, 4) list four types of energy that are of importance 
in determining domain structure : exchange energy, anisotropy energy, 
magnetoelastic energy, magnetostatic energy. The lost energy due to vis­
cous damping is taken into consideration in this study. In 80-20 perm­
alloy film, the magnetoelastic energy can be considered negligible due to 
its low magnetostriction coefficient. The exchange energy is considered 
for the most part from interaction of electron spins. Since in a perfect • 
single domain ferromagnetic structure, domain rotation is the only mech­
anism which allows magnetic change to occur, the exchange energy is a 
constant independent of the magnetization orientation with respect to cry-
stallographic axis. This leaves only the anisotropy and the magnetostatic 
energy as the major energy contribution in this case of single domain 
80-20 permalloy films. 
6 
The uniaxial•anisotropy energy is given as 
W = K sin2 9 
a 
where 9 is shown in Figure 1. The magnetostatic energy results from the 
applied and demagnetizing field. Hence the total field would include 
external applied field. Hg, the internal anisotropy field the demag­
netizing field and another new field, the dynamic damping loss field 
gy, which takes care of the lost energy (7). This formulation is based 
on Landau and Lifshitz phenomenological theory of rotational process. 
If energy is lost, it must by definition occur from forces opposing 
the motion. For simplicity, it is assumed that the loss forces are vis­
cous in nature, that is ^ when a is the phenomenological damping 
constant and M is the magnitude of the magnetization. Equation 3 then 
can be written as: 
M = tM x (H - ^  | ) 4 
Forming the vector cross product of M and Equation 4, one gets: 
M x M = y M x M x H  -  x ( M  X M) 5 
Since 
M x (M x M) = M (M • M) - M (M)2 
where the term involving (M • M) drops out, Equation 5 can be written in 
this form: 
a ?k = - Jix (M x H) + ! M x M 6 
7 
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Figure 1. Schematic representations of a single domain 
thin film with external applied fields 
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Figure 2. Model for mathematical solutions for waves 
between permalloy plated imperfectly conducting 
planes 
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From Equation 4, 
M x M = -M + f M x H 
Substitution in Equation 6 and rearrangement gives: 
M = ^ p M x (M x H) 7 
1 + a (1 + a )M 
"which is the Landau-Lifshitz form. 
The strip line is operated at microwave frequency, the bias field 
varies over a wide range, and the region of great interest is around res­
onance, i.e., at high bias field. The phenomenological damping constant 
a can be assumed to be about 0.01. Equation 7 can be reduced to: 
MM = MfM x H - scfll x (M X H) 8 
Consider the magnetic film of a rectangular shape with the coordi­
nates chosen as shown in Figure 1. In the MKS system, the vector magnetic 
flux density B in a magnetic domain is given as: 
B = jj.q H + M 9 
where is the permeability of free space, H is the total magnetic 
field intensity at the point of interest, M is the vector saturation mag­
netization per unit volume of material. Since there is no field applied 
in the y direction, Equation 9 gives the demagnetizing field in the y 
direction as: 
"y h = - -£ 10 
9 
The easy direction of the film is shovn in Figure 1 along the z-axis. 
The r.f. field is applied along the x-axis and the "bias field is applied 
along the z-axis, as shovn in Figure 1. 
Writing the magnetization vector M in terms of its rectangular com­
ponents, by noting that the r.f. component of M in the z-direction is 
much less than M^, induced by the applied bias field, then 
M = im + jm ' + kM 11 
x y z 
where i, j, and k are unit vectors. Similarly S^, the total magnetic 
field intensity can be expressed as: 
m _ 
Ht - 3tx - - kd^ 4- Eg) 12 
o 
*v 
where h^ is the r.f. field intensity, - ^ is the demagnetizing field in­
tensity, is the applied field intensity and is the anisotropy field 
intensity. 
Due to dependence upon both time and space, it is to be understood 
that mx, iOy and h^ are no more than abbreviated expressions for 
m e C^Ufc"kZ^ , m e C^Jfc"kz;^  and h respectively, 
x y x 
Making use of Equations 11 and 12, 
- - -r M 
M * + Hj,) + — my]my 
+ j[MA - "A * V1 13 
m m 
+ H
- iF - V*1 
By assuming small angle or rotation, may be approximated by M and the 
10 
product of small quantities may be neglected. For the uniaxial single do-
2 
main film used, M equals approximately 1 weber/m , = 240 ampere-turns/ 
meter, can be assumed of the same order of magnitude; -hence « 
\ ' 
Equation 13 then reduces to: 
_ _ _ M _ 
• M x Hij, = i (jp )my + j(Mzhx - m^) 14 
•where 
Substitution of Equation 14 in M x (M X H^) gives 
M x (M x TÇ = 1[- Mz(Mzhx - mxHo)] 
M 2 
+ 16 
- 
M ? 
+ k[m (M h - m H ) - — m ] y z x x o' y 
Substitution of Equations 15 and 16 into Equation 7 produces the following 
set of equations : 
rll 
z Mjorn = m + afM (H h -ml] 17 
x no y z v z x x o 
afM 2 
Mjaiy = rM[Mzhx - mHJ - — my 18 
2 0 = -ar[mx(Mzhx - m^) - — my ] 19 
Maxwell's equation may now be applied to the film medium. The field 
Il 
equations needed are: 
.  .  
V x $ =  " I  2 0  
V x É  =  O Ë + I  21  
Permalloy film is a good conductor; hence the displacement current term 
may he neglected in the above equation, and 
V • B= 0 22 
Taking the curl of Equation 21 
V  x  V  x  H  =  c r V x E  2 3  
Expanding, 
V(V • H) -V2 H = - g|. (hqH +• M) 
Since V • B = 0 from Equation 22, 
^ 
H= a^o S+ É ) 24 
Recalling that h , h . m and m are written with the assumed function 
^ • x' y' x y 
ej(cnt kz)^ x_Coniponent of Equation 24 then becomes : 
? m 
-k n = jou^i (h + —) 25 
x o x n 
o 
Rearranging Equation 20, 
2 \ (JCRXm-q + k )hx = -jc \iq — 26 
Rearrangement of Equations 17, 18 and 26 with the unknowns in the order 
12 
h , m and m , 
x* x T 
ayM - ( jaM + ayM H )m + 
z x ' z o x 
MM 
a i r V = 0  
M 
rMM h - rMH m - ( joM + scr )m = 0 
z x o x ^ ' pV y 
27 
28 
(jocqi + k )h + jom m = 0 
o x x 
29 
Non-trivial solutions to Equations 27, 28 and 29 will result if the 
determinant of the set is zero. 
ayM 
K"MM 
(jcmi-i0 + k ) 
-( jaM + afMHo ) 
-yM 
yMM 
M," 
-( joM + scf —) 
o 
jam 
= 0 30 
Going through with the algebraic manipulation, and neglecting relatively 
small terms, 
M M 
( jon o^ + k )(O)q - m + jar -p CD) = -j rou^  (^C + jam) 31 
o o o  
where 
to 2 = r — H 
O ' ^  O 32 
From Equation 26, the susceptibility is given by definition as 
m 
13 
0r 2 jocqi + k 
X x =  2  3 3  
- j a m  
Substituting Equation 31 into Equation 33, one obtains 
'V rMz + 34 
x [œ 2 - I2 + jar — œ] 
° gO 
If the phenomenological damping constant a is neglected, Equation 32 
illustrating the resonant condition will reduce to Equation 20 given by 
Kittel (8) describing resonance for a plane specimen. Kittel's Equation 
20 given in the cgs system of units is: 
1/2 
2k' 
where ^— is equivalent to H in our Equation 32. Since 
z 
H + « 4irM 
z M„ 
z 
for the practical purpose, the Kittel's Equation 20 bears the same form 
as Equation 31 with the term involving the phenomenological constant neg­
lected, namely 
1/2 
CD O = r [4«M(Hz + po] 
Ferromagnetic resonance phenomena have been investigated from radio fre­
quency to uhf and for different bias configurations (9-14), in the en­
deavor to study the reversal phenomena, to determine the phenomenological 
14 
damping constant a, the anisotropy field, and the Lande splitting fac­
tor g. A comparison "between these techniques and the methods suggested 
here ~wi.ll be drawn in Section III, A. 
The film permeability may be found from the susceptibility equation. 
Let 
X lx "^-lx " ^ lx 55 
Rationalization of Equation 54 and recognition that M for small 
angles results in: 
TM(j|p + jam)[(co 2 - m2) - jar jj- œ] 
X, - 2 2 36 
[(CDo2 - œ2)2 + (GQ- M)2] 
2 By noting that a « 1, the components of can be presented in a more 
simple form. 
x; 
^ *o [(m 2 - CB2)2 + (3^ a,)2] 
0 
M -v " Similarly, by remembering that Hq « ~>/Cix can 136 expressed as: 
37 
a)fMu)(œ2 + 
u. 
— 38 
[(m 2 - m2)2 + (a ^  m)2] \o ' ^  
b. The bias field for peak value of the real part of the f-H-m sus­
ceptibility At this point, it is worthwhile to find the expressions for 
which will yield peak values of „ 
Substitution of Equations 15 and 32 into Equation 37 gives : 
15 
_ (g)2 tr2 f-o + y -
[ (r2 x V -C 2^)2 + (ar^ »)2] 
where 01 is the operating angular velocity. Different ion of Equation 59 
with respect to and subsequent equating to zero gives: 
ir^(VV-\2)=^h) 
o o 
With a little arrangement, Equation 40 becomes: 
40 
aoi 
41 
where = Hq - H^, the value of applied field necessary for resonance. 
From Equation 41, 
aoi 
® L = —  42  
Equation 42 agrees with the result given by Conger and Essig (10). Based 
1 
on Equation 41, it is obvious from Equation 39 that )£, will reach its 
am^ 
negative peak value at = EL^ - and a positive peak value at = 
acu^ 
T~ ' %o + 
2. The permeability of magnetic-thin film as a function of bias field. 
a. Derivation of magnetic film permeability As mentioned before, 
the magnetic film flux density in a ferromagnetic domain in the MKB system 
of units is: 
B = iiqH + M 
16 
By definition, the permeability is 
'  " - I  
hence 
M- = +')C 43 
S i n c e i s  s h o w n  t o  b e  a  c o m p l e x  n u m b e r ,  s i m i l a r l y  ^  y can be writ­
ten in the same form: 
"lx = U]JC - Jl*lx 44 
Since is the permeability of air, a real number, then can be writ­
ten as: 
"it = "o +'xix 45 
In the situation under investigation here, 
H (£dq2 - œ2)2 + H0(aAo)2 + (p)2(%2 " 
^x= 
[(cuo2 - œ2)2 + (ar jj- œ)2] 
M 2 Since — » Hq and 1 » a , Equation 46 becomes, after minor rearrange­
ment: 
ji (to 2 - œ2) [(%^)2 - co2] 
4— ^— 
[(COQ2 - CO2)2 + (AY-JJ- CO)2] 
! 
From Equation 47 it is observed that changes sign twice, one time at 
resonance, the. other at œ = — . The imaginary Dart of |i is the same 
* J-X 
as the imaginary part of hence: 
17 
u (ary- œ)[(^)2 + m2] 
o p. u 
2 2 
[(CDq2 - œ2)2 + (ay^-oj)2] 
*o 
From Equations 47 and 48, it is seen that will have the follow­
ing form: 
= Vrl*. 49 
where is the relative permeability. Hence 
(CD 2 - CÛ2)[(^)2 - Q2] 
^o 
^rlx 
[(mQ2 - m2)2 + (a^œ)2î 50 
-j(aï7r" w)[(^)2 + œ2] 
^o *0 
[(œQ2 - a)2)2 + (apœ)2] 
o 
b. Peak values of Since it is expected that the film 
permeability will have a direct effect on the behavior of the electro­
magnetic field in the strip line, it is worthwhile to analyze the perm­
eability curve in detail. Once the relationship between the propagated 
wave and the film permeability is established, one can be used to pre­
dict the behavior of the other, and vice versa. 
1 
From Equation 40 it is noted that X, v reaches a negative peak value, 
t 
then a positive peak value; hence it is expected that will behave 
likewise. 
By substituting the negative root of Equation 40 into the real part 
18 
M 
of Equation 50 and by making use of the relation — » Hq, with some 
arrangement, one obtains 
m = _ XM 52.a 
^rlxMin 2^em, DJ-a 
Doing likewise with the positive root of Equation 40 one obtains : 
' rM 
^rlxMax ~ 2p. am 
o 
Equations 51a and 51b offer some interesting information concerning 
the frequency range at which thin film devices can be operated. Since 
f 
y varies inversely as the operating angular velocity, the higher the 
I 
frequency, the lover the amplitude of The saving factor for this 
i 
situation is that also varies inversely with respect to the damp­
ing constant a, vhich is expected to decrease at high bias field in­
tensities. g , will go through zero at resonance and at œ = ^  . 
rix U0 
ft 
It is obvious from Equation 50, that will reach a mayj-mirm 
2 2 
value at resonance, i.e., œ = m . Ey substituting this relation into 
the imaginary part of Equation 50, and taking into consideration the 
fact V- » H0, 
0 
a" -1ÎL . 52 
^rlxMax p.Qacti 
Comparison of Equation 52 with Equation 51b, 
" « 
^rlxMax ~ ^ rlxMax ^ 
It is interesting to note from Equation 53 that the mayirmim of the real 
19 
part of is related to the maximum of the imaginary part of 
by a factor l/2. 
f t  
It is informative to find the value of u. -, at the bias field in-
rlx 
If 
tensity H^, where Hrlx reaches the peak value. By substituting Equation 
M 30 into the imaginary part of n and making use of the relation — » 
rix 
H , one gets 
rlx 
yM 
2an m 54 
H 
Hence 
rlx = p. rlxMax 55 
H 
From Equation 55 it is observed that the peaks of the real part of 
|irlx will occur right at the half width position of the imaginary part 
Tf 
of and equal half of its maximum value. The amplitude of H also 
varies inversely with angular velocity œ and damping constant a. 
In summary the magnetic film permeability is made up of a real part 
which contributes the inductance to the line and the imaginary part -which 
represents the loss component. The real part varies from a negative val­
ue, reaches a negative peak, goes through zero then reaches a positive 
peak as the bias field increases; while the imaginary part representing 
the power absorption of the film at resonance always remains positive 
and reaches a peak at resonance bias field intensity. The peak value of 
the real part is related to that of the imaginary part by a factor l/2 
20 
and occurs at the half width points of the latter. 
3. The "boundary value problem 
Before solving the boundary value problem, a discussion of the fol­
lowing assumption will be in order. 
The conductivity of a permalloy film is in the neighborhood of one 
tenth of that of copper, and its skin depth at 1000 Mc is about 6 x 
-4 10 cm or 60,000 angstroms. The practical film thickness varies from 
50 to 5000 angstroms depending on the application. The film used for 
the investigation was approximately two thousand angstroms thick. The 
ratio between the film thickness of 2000 angstroms and the skin depth is 
about 3.3%. Under these circumstances, 
H = H  e " 0 - 0 3 3  a " 3 0 " 0 3 3  =  0 . 9 7  I  e " J 0 - 0 3 3  
o o 
The amplitude and the phase constant change about three per cent 
throughout the film thickness. It is reasonable to assume that for a 
film not much thicker than 2000 angstroms and with the operating fre­
quency around 1000 Mc, the magnitude and phase of the electromagnetic 
wave remain the same through the film thickness and as a consequence, 
for the above operating frequency, the spin wave effect may be neglected, 
(15, 16). For thinner films, the frequency may be much higher and the 
above assumption is still satisfied. With that assumption, the boundary 
value problem can be attacked directly. 
Consider two parallel planes made up by a good conductor coated 
with a magnetic thin film as shown in Figure 2. Let air be designated 
as medium 0, permalloy film as medium 1, and the outside conductor as 
21 
medium 2. Starting with Maxwell's equations 
V • D = 0 56 
V • B* = 0 57 
V x Ê = - || 58 
— — 
V X H = Œ + ££ 59 
Forming the curl of Equation 58, 
V x V x E = - | i  V  x  ^  .  
Expanding, 
V(V • E) - V2Ë= -n V x (l|) 5t; 
By remembering that V • E = 0 from Equation 56 and that time and space 
partial derivatives may be taken in either order, and obtaining V x ~H 
from Equation 59, one finds: 
^ (ffE + £ ^  Ë) 60 
where c is the conductivity. 
In all analysis to follow, all the coefficients E^, E^, Ey, etc. 
are functions of x and y only; since the z and time functions are taken 
care of in the assumed e 0^* Z. Hence 
22 
and 
a^E 
dz2 P E 
Equation 60 then can he written as 
E + V2 E = jcqi (a + jcce) E 
Assuming there is no variation in the y-direction, the above equation 
duces to 
^§= -k2 E 61 
dx 
where 
k2 = P2 - jcqx(cr + jœe) 62 
a. Medium 0: air Since in free space, Oq « œe^, one has 
2 2 2 k = p+ œ e 63 
0 0 0 
Due to the boundary condition involved a solution with E^ odd in x is 
sought and expressed as a sine term. 
- 
Ac SiB Kox 64 
From (17) 
dE_ dH. 
E = 
" , 2 [ S5T + ^  3T ] 
23 
E = - •— A Cos K x 65 
H is given from (17) as: 
1 ÔE BE H 
y ( J - S R  +  V ]  
Since H • = 0 
z 
H y .66 
b. Medium 1: permalloy film From this point on, the subscript 
x on the magnetic film permeability is dropped to simplify the equa­
tions . 
Let the permeability, the conductivity and the dielectric constant 
of permalloy film be designated as cr^ and respectively. For 
conducting magnetic film, it follows that 
using the same P as in the free space region, since the continuity re­
lations between the fields of the two regions must be satisfied at the 
boundary for all values of z. Assuming that there is no variation in 
the y-direction, one has: 
E = -(P 2 + k2) E 
d^E 
= V 9, 2 67 dx 
where 
24 
l 2^ = P2 - jo 1^(ff1 + 
Since permalloy film is a good conductor, then this relation » 
holds, and the following equation results : 
2 2 
= n - jwtL^i 68 
E n then has the solution of the form: 
zl 
Ezl = B^e + B^e 69 
Referring to the continuity relation at the "boundary mentioned above, 
2 
since P should turn out to be of the same order of magnitude as 
2 "^2. 
co M'0e0j and since —-— « 1, P in Equation 68 may be neglected; hence 
kj2 = 70 
Carrying out the same procedure as in free space, one finds : 
Exl - tBle - =2= 1 71 
Similarly 
ja -jk_x jKx 
V^; [Bie "V 1 72 
At the boundary, i.e., at x = | , and H must be continuous. Apply­
ing the boundary condition to the tangential electric field in Equation 
64 and Equation 69, one obtains 
-j%l# # 
Aq Sin kQ |= B^e ^ + B^e x ^  73 
25 
Application of the boundary condition to the tangential magnetic field 
in Equation 66 and Equation 72 gives : 
s s 
2 B 
k_ ~o ~o 2 k^ " a2 
°*° A Cosk [»e'jkiâ„ *12] . 
c. Medium 2: the conducting material For the conducting mater­
ial in region 2, using the sar.e P as in region 1, i.e., the sameP as 
in free space due to the continuity relation for all z one may also 
write 
2 
-r=-k2 Ez 75 
dx 
where 
kg2 = P2 -jwUgfCg + jaS2^ 76 
Since medium 2 is made up of good conducting material, the jme^ 
2 term as well as P may be neglected, with the approximate result: 
• k22 = 77 
The solution of Equation 75 is written in terms of exponentials, retain­
ing only the negative exponential term so that the field intensity will 
die off properly as x approaches infinity. The result is: 
-jk x 
E,g « Cg e 78 
For the electric field and the.magnetic field.in this region, 
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carrying out the same procedure as for the two previous media and using 
the condition mentioned above, one gets: 
i p -dk2x 
EX2=1TÇ 79 
ô(o ) -jk x 
c 2 e  
Let 
s + 2d = b 81 
•where d is the magnetic film thickness. 
Applying the boundary condition to the electric field in Equations 
69 and 78, 
1 1 -JK2 I 
e + Bg e = e 82 
Doing likewise for the magnetic field in Equations 72 and 80, 
^ [=, e"Jkl I - B, I, - |C, e'3ka 1 
Equations 73, 74, 82 and 83 may be rewritten with the unknown con­
stants in the following order; AQ, B^, B^, C^ : 
•v s s 
s 2 2 Sin k |A - e B1 - e B^+O =0 
- ^  Cos ko f A0 - e ^  2 ^  + ^  a'"1 2 E2 + 0 -0 
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b .. b .. b 
2 2 " 2 2 0 + e  B x + e  B ^ - e  C 2  = 0 
In order to have nontrlvial solutions, the determinant made up of 
the coefficients of the above homogeneous equations must be equal to 
zero. That is: 
D = 
Sin kQ J 
-™r C o s kol 
o 
-jki § 
J1 "jkl 2 
*1 
J1 "jkl 2 
*1 
I 
jki § 
- e 
'i 
ai jkl 2 a2 "jk2 2 
e 
ki 
-e 
"
jk2 I 
=0 
2 Multiplying the fourth row of the above determinant by - — and 
2 
adding to the third row, one has: 
k 
Sin g2- s 
cue 
r2 Cos kol 
-e 
-jki |
a. l # 
£ - È"JKL 5 
-J*! |
-jki § 
-e 
"l Jkl 2 
5 o 
k2 
-e 
-jk2 2 
= 0 
The above determinant reduces to: 
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-3*2 | 
Sin k, 5 
CUE 
-rCos k01 0 
- e 
™jki I 
'Ç - %'• 
- e 
I 
^ "
jk12 ^ jkl 
1 "2x ™jkl 2 a, jk^ £ 
-jkg 
Since the operating frequency is finite, e cannot he equal to 
= 0 
zero; then the determinant has to be equal to zero. That is: 
-ç(ç-ç)e 2  
.*1, A, 
CUE 
+ 
"k^ Cos ko 2 [(Ç + k )^e 
jô~(b-s) -j^b-s) 
+ - v~)e 
A 
] V = 0 84 
Let 
N, k^ " k„ "1 85 
Ç -^ H2 
86 
Substitution of Equations 81, 85, and 86 into Equation 84 gives 
the following interesting result: 
o jk,d -JKd 
Ç Sin kQ |[Hx e - Hg e ] 
cœ s r Jkld "JkLd, 
+ -^2. cos kQ |[Kl e x + N2 e x ] = 0 
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Dividing through "by Cos k and rearranging, 
jk. d -jlsu d 
cue k k e + IL e 
I 1  j y  g . ^ a ]  
o 1 1^ e 1 - IJ2 e 
Recalling that 
2 2 2 k = P + œ n e , 
o 1 o o ' 
2 
and since from the approximate analysis p is expected to "be near the 
value (-œ found for the ideal case, kQ should "be veiy small and 
it is reasonable for a first order analysis to approximate the tangent 
"by the angle in Equation 87. Then 
jt_d -jk.d 
N e + N e 
ko 2 ko = -ajGo ÔT *• WÂ IjFd ] 
e. - ïï2 e 
or 
jk-, d -jk^d 
0 2œe k. H. e + N e 
v 2 _ o 1 r 1 2 i 
0 V El ejV - „2 
T  ^  2  , 2  Let CD (i e = k . 
oo o 
Then: 
jk^d -jk^d 
n 2 = -k 2 - [ 1 1 o a, s 
2ca£Qk1 E, e + N„ e 
jk.d -jK& 
e -L - Ng e x-
After some minor rearrangement, 
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jk.a -jk_d 
r* • < " * 5v ''' '.v ' '' V 
0 x 0  N x  e x  - K e x  
P 
where , wave impedance in free space. 
0 
JKd 
Factoring out e in the second term of the above equation, 
%2 and letting =- = R, 
1 
2k. -
r2 = -ko2 [1 + ron? t1  " R  e-W ] 88 
0 1 0  l . R e  ^  
Ratio R may be expressed in terms of strip line parameters as fol­
lows: 
kS '1 - *1 °2 
B 
k„ a, + 0, 
2 1 jL 2 
Recalling from Equations 63, 70 and 77 that 
2 2 2 ko -T + 
\ 
2 
and kg = -jcqigffg > 
the above relation for R then can be written as 
(M^tJg)1/2 a1 - (d^c^)1/2 a2 
(j 2^)1/2 + (jœn^)1/2 a2 
1/2 Factoring out (jaxy^a^) ' from the above equation, 
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R 
(o1n2)ly/2 + (»2n1)1/'2 
or 
R = 
1 
- 
(8,1/= 89 
1 • % 
Substituting Equation 89 into Equation 88 and taking the square 
root, the propagation constant of the electromagnetic vave in the strip 
line in terms of strip line parameters and magnetic film permeability 
becomes : 
P 
o-lV 
1 -
'V2 
1 + 
1 -
'Va 
i - % 
1/2 
-jSk^d 
1 + (§,1/2 / 90a 
where 
k = œ(n e ) 1/2 
o o 
= permalloy conductivity 
Ug = conductivity of conducting material in medium 2 
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or 
d = magnetic film thickness 
T| =» 377 ohms 
0 
s = spacing between two parallel planes 
|ig = permeability of conducting material in medium 2 
n = magnetic film permeability obtained from Equations 49 and 50 
1 
Combination of Equation 49 and 50 gives 
K2 - »2«?'2 - <°2] f + (A 
o u II 
= j— ° 
l(m 2- f f i 2) 2 +  (ar^œ) 2  ] l<-ao " ^  + 
As a check of the previous assumption, using the film relative perm­
eability given in Figure 5, the spacing s abort 1 millimeter and the film 
conductivity of 0.5 x 107 mhos per meter, with frequency high enough, it 
2 
can be shown that the second term of Equation 90 is small and f is in 
2 
the order of -co n e . 
o o 
The evaluation of the reflection coefficient is beyond the scope 
of this work, but once the propagation constant is known, the reflection 
coefficient (17) can be solved for by using the relation coefficient for 
the input impedance 
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Figure 3. Film relative permeability components 
54 
z cosh f £ + sinh n l 
=1 = % t — ) 
T\ cosh p £ + z sinh p £ 
c c 
•where is the characteristic impedance 
n = ^ A c o s ko x  = INR 
'  ^  #Acoskx ^  
The reflection coefficient is then: 
z_. - z 
P = 1 
zi+ h 
4. Analytical evaluation of |i^, and the transmitted vave of electric 
field intensity 
The Cyclone, Computer vas programmed to handle simultaneously Equa­
tions 90a and 90b, to give Re P = a, Imag P = P, Re = (i^, and 
I f  
Imag = i-i^i . In addition, since a vas found, the transmitted vave 
of electric field intensity through the length £ of the strip line vas 
found in the same computer operation, the equation of the vave being 
|Etrl = 1.0 e 1^. 
The parameters used for the computation are given belov: 
a = 0.01 
= 240 ampere-turns/meter 
—3 
s = 0.15 x 10 meter 
d = 500 A, 2000 A, 4000 A 
f = 700 Mc, 1000 Mc, 1500 Mc, 2000 Mc 
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cr^ = 4.76 x 10® mhos/meter 
= 6 x 10® mhos/meter 
2 M = 1 veber/m 
5 T = 2.21 x 10 cycles per second per ampere-turn per meter 
= variable bias field intensity, in ampere-turns per meter 
a. Computation of film relative permeability, The components 
of the relative permeability of the magnetic film are plotted in Figure 3 
for three frequencies, 700 Mc, 1000 Mc and 1500 Mc. It is interesting to 
observe that the amplitude of the real part of the permeability is always 
half of that of the imaginary part, as predicted in Equation 53. The peak 
of the permeability curves decrease as a function of frequency and the half 
f t  
width of increases vith frequency as predicted in Equations 52 and 53, 
respectively. 
Another interesting feature is that the real part of the permeability 
beyond the resonance bias field intensity changes much more slowly than the 
imaginary part. Since the inductance is related to the real part of the 
permeability, one can then, by varying the bias field intensity, change 
the inductance from positive to negative and vice-versa. 
The curves of both components shift to the left as frequency decreases, 
due to the presence of H^. of the film; at low frequency, one can expect the 
i 
inductance will decrease as the field increases. One also notes that 
changes very fast between the positive and negative peaks. This behavior 
will be used in the device application as illustrated in Section III, B. 
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b. Computation of the attenuation constant, Ct With the results 
obtained from the computation, the curve of the real part of the propaga­
tion constant, i.e., the attenuation constant, was plotted vs. bias field . 
intensity for 700 Mc, 1000 Mc and 1500 Mc for three different film thick­
nesses, 500A, 2000A, and 4000A as shown in Figures 4, 5, and 6. 
It is observed that as frequency increases, the half width of the a 
curve also increases. The same effect is observed for the imaginary part 
of film relative permeability. An increase in frequency shifts the cc 
curve toward the high bias field intensity and raises its amplitude by a 
small amount. 
For d = 2000A, the half width increases and the peak of the d curve 
increases noticeably as frequency increases. It is also observed that the 
a, curve is not symmetrical as one might expect from its similarity with 
the curve of the imaginary component of relative permeability. The slope 
on the right side of CL curve is much sharper than that on the left. 
For d = 4000A, similar behavior is observed. It is interesting to 
note that Ct changes more drastically with respect to frequency as the film 
becomes thicker and reaches an optimum thickness, approximately 3000 A in 
this study. 
For film thickness of 2000A, as the frequency varies from 700 Mc to 
1500 Mc, there is an increase in attenuation of 6.5 nepers per meter; 
while for a 500A film, there is only an increase of 2.0 nepers per meter 
for the same range of frequency. 
c. Computation of the phase constant, g The solutions were obtained 
for P as a function of bias field intensity E_ for few typical frequencies 
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such as 700 Mc, 1000 Mc, 1500 Mc and 2000 Mc for certain film thicknesses. 
The curves of P for film thickness of 500A, 2000A and 4000A are shown in 
Figures 7, 8, and 9. 
For d = 500A, one observes at all frequencies the p vs. curves 
have the same shape as the curves shown in Figure 5. One might expect 
the difference between two peaks values of the curves to decrease as a 
function of frequency as does the difference between two peaks values of 
i 
H On the contrary, the difference between the two peaks of p increases 
» 
slightly, not at the same rate as that of n ^ decrease. The actual value 
of P does increase with frequency. One thing is true here for both the 
|J. ^ and P curves, that an increase in frequency does shift both curves to­
ward the high field intensities as expected from the resonance Equation 32. 
For d = 2000A, the phase angle P increases rapidly with but the 
only curve "which shows a distinct negative peak is that at 2000 Mc. For 
lower frequencies only the maximum of p is observed. The maximum phase 
difference for this thickness is about 31 radians per unit length. 
For d = 4000A, a similar pattern is observed. Even though the P 
curve for 2000 Mc is not obtained, one may make the following observation: 
The difference between two peaks of the p vs. EL curve does not 
increase much as function of frequency but does increase notice­
ably as the thickness increases. An increase in the film thick­
ness has a tendency to shift the minimum of the curve toward the 
weak bias field intensity. 
d. Computation of the transmitted wave In order to be able to 
compare the analytical result with the experimental result, it is desirable 
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to use the proper length of the strip line considered, in the experiment to 
formulate the transmitted wave. The length of the strip line used is ap­
proximately 0.06 meter. 
Assuming that the electric field intensity at the input side of the 
strip line is maintained at unity, then the output electric field intensi­
ty can he expressed as 
|Etrl = 1.0 a 0^"06» . 
The above equation is evaluated at 700 Mc, 1000 Mc and 1500 Mc for three 
different film thicknesses of 500A, 2000A and 4000A and the results are 
shown in Figures 10, 11, 12. 
For d = 500A it is interesting to note that the amplitude of the trans­
mitted wave, as a function of bias field intensity taken at different fre­
quencies, has the form of the inverted attenuation curve. It is also ob­
served that the amplitude of the transmitted wave decreases as the fre­
quency increases and the half width increases with frequency. 
For the geometry of the strip line in question, a film thickness of 
500A can only suppress the amplitude of the transmitted wave down to one 
third for a certain frequency. 
For d = 2000A, the half width increases with frequency and the mini­
mum amplitude of the transmitted wave is naif of that at 500A. 
For d = 4000A, the same pattern is observed. It is of great interest 
to note that for this special thickness with the same bias condition and 
the same operating frequency, the amplitude of the transmitted wave is 
much less than for thinner films, and the does not decrease 
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noticeably compared with that at 2000A. 
Consequently it seems that an optimum film thickness will minimize 
the transmitted wave at the "cut-off" condition, i.e., at the lower peak 
of the transmitted wave, and give a fast rise of the wave amplitude in the 
transmitted region. 
One can observe that the transmitted wave curves are almost symmetric­
al. The dashed parts of the curves are questionable. The points contrib­
uting to those parts of the curves were obtained with the assumption that 
the film was single domain and the rotation angle of the magnetization was 
small. These assumptions are no longer true at low bias field intensities. 
Theoretical investigation of this range of is beyond the scope of this 
investigation. 
B. Experimental Verification 
1. Description of the strip line 
The permalloy film was vacuum deposited on a 6 mil glass substrate • 
1 inch by 2 inches with the easy-direction along the width of the glass 
plate. The film was then cut into small strips 1 millimeter wide with 
the film easy-direction along the strip line. The film strips were then 
embedded on both sides of the center brass conductor of 3 mil thickness. 
The whole arrangement was then sandwiched between two outer grounded con­
ductors made up of two pieces of brass 1 millimeter wide and 6 cm long. 
Figures 13 and 14 show the top and side views of the strip line used. 
2. Measurements 
The bias coil consisted of 800 turns wound around a square paper tube 
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Figure 13. Top view of the strip line 
Figure 14. Side view of the strip line 
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vith 1 square inch cross section and 6-1/2 inches long. 
The measuring equipment consisted of : 
Power oscillator, Type 124, Airborn Instruments Laboratory; 
Variable attenuator, Type 874-GA, General Radio: 
Coaxial slotted section, "type 805 A/8, Hewlett Packard; 
Standing wave indicator, Type 415 B, Hewlett Packard; 
Vacuum tube voltmeter, Model 610 B, Hewlett Packard; 
Microwave power meter, Model 430 C, Hewlett Packard; 
Power supply, Model 722 AR, Hewlett Packard. 
Figure 15 gives the block diagram of the measurement set-up used in this 
investigation. 
Due to the construction of the strip line and equipment limitations, 
the measurement of the phase constant could not be carried out as desired. 
The transmitted power for a frequency range from 700 megacycles to 
1250 megacycles was measuredé An effort to maintain constant voltage a-
cross the strip line during the measurement was made with the available 
equipment. For the low frequency, the vacuum tube voltmeter was inserted 
between the strip line and the variable attenuator. Unfortunately this 
voltmeter can be operated only up to 700 megacycles. Above 700 megacycles 
the slotted line was used to locate the position of the strip line. The 
standing wave ratio meter was calibrated with the power meter, so the 
same power level could be maintained by observing the standing wave ratio 
meter indication throughout the measurements. 
Before discussing the data, it is worth-while to recall some differ­
ences between the analytical method and the experimental approach. In 
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Figure 15. Diagram of microwave circuit used 
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in investigation of the 
standing wave ratio 
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the analytical part, one evaluated the amplitude of the transmitted -wave. 
In the experimental approach, the power of the transmitted wave was mea­
sured instead. 
In order that the most general equations might be developed, the 
strip line considered in the analytical part was made up of two parallel ' 
plane conductors, both plated with permalloy, with air as the supporting 
dielectric. In the experimental work, since the minimum spacing between 
the two parallel plane conductors was desired, only one of the two planes 
was covered with permalloy film and glass was the supporting dielectric. 
The data taken at 700 megacycles, 800 megacycles, 900 megacycles, 
1000 megacycles and 1250 megacycles with the bias current varying from 0 
to 1.2 amperes are presented in Figures 16 and 17. 
C. Discussion 
As pointed out previously, the strip line described in the analytical 
part and the model used for the experiment were not quite the same, due to 
the narrow choice of films and substrates. Hence the eddy current losses 
as well as the dominant effect of the film thickness are important reasons 
for the higher attenuation observed in the experimental results. In addi­
tion, the experimental output was measured in watts while the analytical 
output was computed in volts. 
The irregular spacing between the output curves of Figure 16 is due 
to the switching of the voltage indicator at the strip line from the 
vacuum tube voltmeter to the slotted line and the standing wave indicator 
combination. 
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It is interesting to note that at low bias field intensities, the 
experimental output curves do not cross one another as the analytical 
curves tend to show, "because the latter were computed with the general 
assumption of a single domain film and a small angle of rotation. 
The difficulty involved in the cutting of film into smaller strips 
may be alleviated by the use of electroplated wire as a center conductor. 
The strip line construction then reduces to a single task of putting the 
plated wire as a center conductor between two grounded planes (18). 
Since the region of greater interest is near and beyond the reso­
nance point, where the film is operated at high bias field intensity, 
film uniformity is secured and problems such as multidomain films or 
considerable low field loss at low bias field intensities are eliminated. 
Another interesting observation may be made on the analytical results. 
If the transmitted wave amplitude curves of Figures 10, 11 and 12 are in­
verted and observed carefully, they bear some resemblance-to the real 
part of the film permeability below resonance. In other words, the atten­
uation observed is not due mainly to the absorption curve and losses as 
one might expect, but also carries the earmarks of a reactive attenuation. 
The later phenomenon was verified experimentally by measuring the standing 
wave ratio, hence the reflection coefficient, as a function of bias field 
intensity. It was found that the standing wave ratio reached a maximum as 
the transmitted wave reached its "cut-off" and tapered down as shown in 
Figure 18 where both power transferred and the voltage standing wave ratio 
are plotted as function of bias field intensity at 700 Mc. 
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III. APPLICATIONS 
A. A Technique To Determine the Phénoménologies! Damping 
Constant a, the Lande Splitting Factor g, and the Ani-
sotropy Field Intensity 
It is interesting to note from Figure 7 that the phase difference be­
tween the minimum and the ma y i mum does not change much with frequency but 
the half width does increase with frequency according to Equation 42. 
A E, = 22 42 
where 
ge H 
r = 
2m 
As a consequence, one can expect that for certain film thickness, the 
losses do not affect the behavior of the p curves. Hence Equation 42 can 
be used to determine a or g for various frequencies. will be the a-
rithmetic mean of the bias field intensities at the two peaks of the P 
curve. 
As mentioned earlier, ferromagnetic resonance phenomena have been in­
vestigated (9 - 14). The phénoménologies! damping constant a, and the 
Lande splitting factor g, were determined by using the half width of the 
absorption curve measured by using cavity techniques. The absorption 
curve as obtained depends on the dispersion of the anisotropy field H^. 
The above difficulty is eliminated by the method suggested above. 
From data which can be obtained from Figure 7, one can also calculate 
Hg. directly by using the resonance equation 
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or 
2 
œ [i 
* > " 7 7 - * *  
Let be the "bias field intensity necessary for resonant angular 
velocity and be the bias field intensity necessary for resonant 
angular velocity o^. 
Then 2 
and 2 
If the bias coil had a fixed number of turns per meter, then the 
ratio of the two equations above can be expressed in terms of the bias 
current as follows : 
Ll T M 
2 
The above equation offers a method of determining at any angular veloc­
ity by obtaining the curve for two different angular velocities and re­
cording the corresponding bias currents. 
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J. Device Possibilities 
1. A phase modulator 
It is interesting to note from Figure 8, that for a film thickness 
of 2000A, at 2000 Mc, the maximum phase change is about 31 radians per 
unit length for a bias change of about 2900 ampere-turns/meter. Since 
the phase change is also a function of film thickness as seen from Fig­
ures 7 and 9, one can expect there is an optimum film thickness for a max­
imum phase change condition. 
Referring to Equation 90a, the spacings between the two parallel 
planes is another parameter which can be used to advantage for this ap­
plication. Ey reducing s, the phase constant f3 increases. 
To obtain a certain phase constant, one can either increase the 
length of the strip line or reduce the spacing between two plane conductors. 
Magnetic films are known for their high speed. The switching time is 
of the order of a nanosecond, hence the phase change as a result of ap­
plied bias field intensity can be expected to occur in the order of a re­
laxation time, i.e., in less than the usual switching time (19, 20). • 
2. An amplitude modulator 
It is obvious from Figure 11, where the amplitude of the transmitted 
wave is plotted vs. the bias field intensity, an amplitude modulator at 
microwave frequency can be obtained. The normalized transmitted wave amp­
litude can be controlled to vary from 0.18 to 0.7 linearly as the bias 
field intensity sweeps from 2000 to 3700 ampere-turns per meter. Here 
again, the amplitude change will depend on the film thickness and the op­
erating frequency. As in phase modulator applications, the parameter s in 
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Equation 90a can also "be adjusted for the mayi-mum advantage. 
3. A thin film microwave switch 
It has already been shown that at certain bias field intensities, a 
minimum transmitted power occurs; at other intensities, almost complete 
transmission occurs. This achieves the purpose of a microwave switch. 
Even though the magnetic film is not able to completely cut off the trans­
mitting wave as seen in Figure 11, complete cut-off is not required in 
certain applications. If space limitation is a major problem, then the 
magnetic film geometry advantage can be used to fabricate compact minia­
ture microwave switches. One can change from one state to the other as 
fast as the bias current can be switched, since it only takes the film 
less than a nanosecond to change from one state to the other. 
4. A tunable low pass filter 
From the resonance relationship 
and Figures 16 and 17, one can expect for a specific bias cut-off to oc­
cur at a specific cu^. Waves at angular velocities below will be trans­
mitted, while those at angular velocities above will be suppressed. 
It is interesting to note that one can tune to any cut-off frequency 
just by applying the proper bias. The disadvantage is that the strip 
line cannot cut off the wave completely, but in cases where complete cut­
off is not an important factor but space-saving and speed are mostly desired 
then the magnetic film can be of advantage. 
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5. An electrically movable discontinuity in the strip line 
In a transmission line, it is often desirable for matching or tuning 
purpose to be able to move the short along the line. As pointed out in 
Section II, C the cut-off occurs as a result of reactive attenuation, 
hence reflection occurs at cut-off as indicated by the maximum VSWR re­
corded at cut-off bias. The film biased for cut-off can be considered as 
a discontinuity in the strip line.v 
Let H be the bias field intensity necessary for the discontinuity to 
occur. If the strip line vas located along the x-axis and if the bias coil 
vas wound such that the magnetic field intensity decreases linearly as a 
function of x, then by varying the bias current one can electrically move 
the discontinuity to any point x^, x£, x, anywhere along the strip line, 
as pictured in Figure 19. 
The above solenoid has been designed and checked. It is found out 
that in order for the magnetic field intensity to decrease linearly as a 
function of position, the number of ampere-turns per meter on the solenoid 
is inversely proportional to x. 
6. A uniform OR circuit at microwave frequency 
It is very difficult to make a large film matrix uniform by either 
evaporation or electroplating. Since the dots comprising the matrix are 
not uniform, some are single domain and others are not; as a result, the 
signal induced at low field intensities will be non uniform. 
High field intensities will force all films to be single domain; as a ,, 
result, the induced voltages will be identical. If the bias coil of the 
strip line is made up of a number of uniform coils, then a finite bias 
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current applied to any coil will yield a fixed output at the end of the 
strip line. As a result one has a uniform OR circuit. 
The devices suggested in this section, as the title of the section 
implies, are only device possibilities. Some special design will "be ne­
cessary in each case in order that the application conditions imposed may 
"be met. 
Naturally there are other device possibilities that could result 
from the above strip line or any modification of it. No attempt has been 
made to cover all of them in this work. Only a few typical possibilities 
have been mentioned. 
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IV. SUMMARY 
Magnetic films with their flexible geometry and attractive magnetic 
properties are of increasing interest in the area of electrical devices. 
The purpose of this work was to investigate at microwave frequencies, the 
discontinuity caused by a variably biased magnetic film in a strip line 
and as a result to point out same typical applications. 
The strip line under mathematical investigation consisted of two par­
allel conducting planes in contact with two permalloy films of variable 
thickness from 500 angstroms to 4000 angstroms, separated by air. The 
"easy direction" of the magnetic film was along the length of the strip 
line. An electromagnetic wave was propagated along the strip line. The 
expression for the propagation constant was developed, with boundary con­
ditions imposed by the three layers with their respective permeabilities, 
dielectric constants and conductivities. The only significant variable 
with the bias was the permeability of the permalloy film. 
The permeability of the magnetic film was obtained by simultaneous 
solution of the Landau-Lifshitz equation and Maxwell's wave equations, with 
the assumption of a small rotation angle at high bias field intensities. 
The half-width of the relative permeability curve and the relative peak 
values of the real and Imaginary components of the complex permeability 
were determined. 
The Cyclone Computer was programmed to solve for the complex relative 
permeability of the magnetic film, the attenuation constant and the phase 
constant of the strip line, and the magnitude of the transmitted electric 
field intensity. Suitable curves of the above quantities were plotted. 
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The following observations are of importance : 
(1) a cut-off condition exists, at •which the transmitted field in­
tensity is suppressed to a minimim due to the reactive attenuation caused 
by the variable permeability of the film; 
(2) per unit length of strip line, the phase constant changes by 
approximately 30 radians and the transmitted field intensity varies by ap­
proximately 80 percent as the bias field intensity varies from 1600 to 
4500 ampere-turns per meter; 
(3) the phase constant curves are similar in form to those of the 
real part of the relative permeability; 
(4) high bias field intensity "forces" the magnetic film, to be single 
domain; 
(5) the phénoménologies! damping constant, the Lande splitting factor 
and the anisotropic field intensity may be determined by applying the half 
width equation to the phase constant curve. 
Some typical devices at microwave frequency were suggested, including 
a phase modulator, an amplitude modulator, a microwave switch, a tunable 
low-pass filter, an electrically movable discontinuity and certain logic 
circuits. 
An experimental model of the strip line was built. Measurements of 
the output power and the voltage standing wave ratio agreed quite well 
with predicted results at high bias field intensities. 
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